Abstract. Light microscopic and ultrastructural changes were observed in chicks challenged with North American Serpulina pilosicoli, a weakly 6-hemolytic intestinal spirochete (WBHIS) associated with human and canine intestinal spirochetosis. Chicks in control groups received trypticase soy broth or canine Serpulina innocens. The birds were necropsied at weekly intervals, and the ceca were processed for bacteriologic and pathologic examinations. No WBHIS were isolated from the ceca of chicks in the control groups, but WBHIS with genotypes similar to the parent isolates were isolated from the ceca of chicks inoculated with human and canine S. pilosicoli. Gross examination revealed no significant changes in the ceca of chicks at any time postinoculation. Light microscopic examination revealed no spirochetal attachment in the ceca of chicks in control groups. In contrast, focal to diffuse thickening of the brush border of the surface epithelium along with dilation of the crypt lumina and mild focal lamina propria heterophil infiltration were present in the ceca of chicks inoculated with human and canine S. pilosicoli. Scanning electron microscopic examination revealed focal to confluent spirochetal attachment mainly in the furrow region at the periphery of the crypt units. Transmission electron microscopic examination revealed spirochetes attached to the brush border of the cecal epithelium, causing effacement of the microvilli and disruption of the terminal web microfilaments. The cecal epithelium of chicks inoculated with the canine S. pilosicoli also had caplike elevations of the apical membrane at the point of attachment of the spirochetes together with large numbers of vesicles in the cytoplasm immediately beneath the terminal web and evidence of spirochetal invasion beyond the mucosal barrier. The changes observed suggested that the mechanism of attachment of human and canine S. pilosicoli to the cecal epithelium of chicks was analogous to but different from that described previously for other attaching and effacing gastroenteric bacterial pathogens of human beings and animals.
In the condition called intestinal spirochetosis a group of phylogenetically related weakly P-hemolytic intestinal spirochetes (WBHIS) colonize the lower intestines of human~,3~4.l~,20,21,25,27,28,30,33,44 nonhuman primates,343.41,42 dogs 5, 24, 37, 47, 48 swine,17PW guinea pigs,29 and opossums.49 Human, canine, and porcine WBHIS associated with IS are phenotypically and genotypically related and are distinct from Serpulina hyodysenteriae, the causative agent of swine dysentery, and S. innocens, a nonpathogenic WBHIS of swine.8J6 Therefore, spirochetes in this group have been assigned to the new species Serpulina p i l~s i c o l i . ~~ In humans, colonization of the lower intestines by spirochetes is seen in child~e n ,~~ heterosexual a d~l t~,~J~,~~z~~ and homosexual males, some with acquired immunodeficiency syndrome (AIDS). 21, 30, 44 In dogs, there are reports of diarrhea associated with spirochetes, and the condition has been referred to as canine IS.37 Attachment of spirochetes to the brush border of the colonic epithelium and to extracellular matrix in foci of denuded colonic mucosa are consistent changes in human^,^ dogs,5 and win el^,^^ affected with IS. Hence, the ability to attach to the cell surface and extracellular matrix appears to be an important virulence mechanism in IS. The phenotypic, genotypic, and pathogenetic characteristics of S. pilosicoli associated with porcine, canine, and human IS suggest that it may be a zoonotic infection with public health significance.
Massive attachment of human and porcine S. pilosicoli of European and Australian origin to the cecal epithelium ofchallenged chicks has been described.1s9s45 Inflammation was not seen in ceca of chicks sampled 21 days after inoculation with these isolate^.^ There has been no detailed description on the comparative light microscopic and ultrastructural changes in the ceca of chicks inoculated with human and canine S.
pilosicoli. This report includes morphologic evidence indicating that a canine S. innocens isolate used as a control did not attach to the chick cecal epithelium, whereas a human and two canine S. pilosicoli isolates did attached to the chick cecal epithelium. Moreover, the mechanism of S. pilosicoli attachment to the cecal epithelium was different from that of previously described attaching and effacing gastroenteric bacterial pathogens.
Materials and Methods

Chicks
Conventional White Leghorn chicks were obtained immediately after hatching from a commercial supplier (Ross Hill Hatcheries, Lincoln, NE). The chicks were housed and cared for in accordance with approved guidelines of the University of Nebraska-Lincoln Institutional Animal Care and Use Committee. The chicks were fed a commercial chick diet (Meat Builder, Purina Mills, St Louis, MO) ad libitum, and aspen shavings were used for bedding (American Excelsior Co., Arlington, TX). Tap water was given in cups. The birds received 24 hours of light for the first 7 days. The amount of light was reduced to 16 hours/day thereafter.
Bacteria
Serpulina pilosicoli isolate SP16 (ATCC 49776), obtained from an HIV-positive homosexual male with IS, was provided by R. M. Smibert (Virginia Polytechnic Institute, Blacksburg, VA).20 The canine S. pilosicoli isolate 16242-94 and S. innocens isolate 27042-93B were isolated by our laboratory as previously d e~c r i b e d .~.~ The canine s. pilosicoli isolate K9-1 247 was obtained from M. J. Wannemuehler (Veterinary Medical Research Institute, College of Veterinary Medicine, Iowa State University, Ames, IA). The spirochetes were propagated in prereduced, anaerobically sterilized trypticase soy broth (TSB) without dextrose but supplemented with 0.5% (w/v) sodium bicarbonate and 5.0% (v/v) sterile porcine fecal extract as previously described.6 Broth cultures were grown to late logarithmic phase (approximately 1 O8 cells/ ml) in 5-ml volumes in Hungate tubes, while being stirred constantly at 37 C in a 10% hydrogen, 10% carbon dioxide, and 80% nitrogen atmosphere.
Experimental design
On the day of hatching, the chicks were randomly assigned to groups of three birds and were placed in polycarbonate cages with filter tops (Allentown Caging Equipment, Allentown, NJ). On the same day, the chicks were each inoculated with 0.5 ml of sterile TSB or 0.5 ml of broth culture containing approximately 1 x lo8 spirochetes/ml by crop gavage, using polyvinyl catheters fitted to 18-ga needles and syringes. Feed and water were provided immediately after inoculation. On days 7, 14, and 2 1 postinoculation (PI), three birds from each group were euthanatized by CO, gas, and the ceca of each bird were processed for bacteriologic and pathologic examinations.
Bacteriologic examination
At the time of necropsy, the cecal mucosa and cecal contents from each chick were placed on an agar medium selective for WBHIS, as previously described.6 Cultures were incubated in the Gas Pak Anaerobic System (BBL, Baltimore, MD) at 42 C and examined after 3 and 5 days of incubation. The spirochetes were identified on the basis of their pattern of growth and intensity of hemolysis. The identity of WBHIS isolates obtained from at least one chick in each group was confirmed by comparison of the DNA fingerprint patterns with those of the parent isolates, using arbitrarily primed polymerase chain reaction as previously described.8 Pooled samples of cecal contents from chicks in the same group euthanatized on the same day were examined for the presence of Salmonella spp., using a standard p r o~e d u r e .~
Pathologic examination
After examination for the presence of macroscopic changes, cross sections of both ceca were immersed in Karnovsky's fixative (2% paraformaldehyde, 2.5% glutaraldehyde in 0.1 M Sorenson's buffer, pH 7.2). For light microscopic examination, sections of ceca were embedded in paraffin, sectioned at 3 Fm, and stained with hematoxylin and eosin (HE). Warthin-Starry stain was used for the demonstration of spirochetes in s h Z 2 For scanning electron microscopy, tissue blocks fixed in Karnovsky's fixative were dehydrated in graded ethyl alcohols, critical-point dried, sputter coated with gold/palladium, and examined with a scanning electron microscope (AMR 1000 A, Bedford, MA). For transmission electron microscopy, blocks of ceca were selected from at least three chicks in the TSB and in the S. pilosicoli human isolate and canine isolate 16242-94 groups, according to results of light microscopic examination. The samples were embedded in araldite, processed for ultrathin sectioning, stained with uranyl acetate and lead citrate, and examined with a transmission electron microscope (Philips 20 1, Eindhoven, The Netherlands).
Results
Bacteriology
Results of anaerobic cultures of cecal mucosa and cecal contents of chicks in controls and canine and human S. pifosicoli-inoculated groups are presented in Table 1 . WBHIS were not isolated from the ceca of TSB-inoculated and canine S. innocens-inoculated chicks a t any time. T h e WBHIS isolated from representative chicks in the S. pifosicofi-inoculated groups had DNA fingerprint patterns similar t o those of the parent isolates (data not shown). Salmonella spp. was not isolated from the ceca of any of the chicks.
Gross findings
Significant changes were not seen in the ceca of chicks in the control and the S. pilosicofi-inoculated groups. Cecal contents were yellowish brown, foamy, and semisolid in all groups. 
Light microscopy
Significant changes were not seen in sections of ceca from chicks in the TSB-inoculated and the canine S. innocens-inoculated groups at any time (Fig. 1 ). The cecal mucosa had tall columnar epithelial cells interspersed with goblet cells, and small numbers of lymphocytes were present in the lamina propria. Focal to diffuse spirochetal attachment to the brush border of the cecal epithelium was present in chicks inoculated with both of the S. pilosicoli canine isolates on day 7 PI (Fig. 2) and in chicks inoculated with the human isolate and the canine isolate 16242-94 on day 14 and day 21 PI (Fig. 3) . On HE-stained sections, adherent spirochetes caused a basophilic thickening of the brush border area, which stained dark brown or black by Warthin-Starry stain. Warthin-Starry stain also revealed focal mucosal invasion by canine isolate 16242-94 either singly or as small groups of spirochetes wedged between epithelial cells, underneath the surface epithelium near the basement membrane, or in the lamina propria. Caplike elevations of the apical membrane of epithelial cells at the point of attachment of the spirochetes was present in the ceca of chicks inoculated with both canine S. pilosicoli isolates (Fig. 2) . Small foci of heterophils were noted in the lamina propria of the ceca in chicks inoculated with the human and canine S. pilosicoli. The cecal crypts were dilated, and the Warthin-Starry stain disclosed rare argyrophilic spirochetes, some in the lumina and some attached to the epithelial lining of the crypts. There were no noticeable differences in the severity of cecal lesions caused by all isolates over the 3-week observation period; spirochetal adherence to the surface epithelium ranged from multifocal to segmental to diffuse in different birds necropsied on the same day.
Scanning electron microscopy
At low magnification, the surface ofthe cecal mucosa from TSB-inoculated chicks had irregular polygonal crypt units, each with a central opening surrounded by uniform epithelial cell ridge. The individual crypt units were separated by shallow peripheral furrows. The ceca of chicks inoculated with human and canine S. pilosicoli had coalescing areas of spirochetes adherent to the epithelial surfaces along the furrow region of the crypt units (Fig. 4) .
Transmission electron microscopy
The cecal epithelium of TSB-inoculated chicks had microvilli with regularly spaced microfilaments and tonofibrils in the apical cytoplasm (Fig. 5) . The ceca of chicks inoculated with the human S. pilosicoli isolate and the canine S. pilosicoli isolate 16242-94 had large numbers of spirochetes attached perpendicularly by one of their ends to the brush border of the surface epithelium, causing deep indentations into the apical cell membrane and partial to complete effacement of microvilli (Figs. 6, 7) . The normal architecture of the microvilli with microfilaments anchored into the terminal web was disrupted or absent (Fig. 8) . Areas of spirochetal attachment were slightly raised above the adjacent cell surface, resulting in the formation of caplike structures overlying terminal web microfilament rarefaction (Figs. 7, 8) . These caplike structures were more prominent in the ceca of chicks inoculated with the canine S. pilosicoli isolate 16242-94 than with the human S. pilosicoli isolate. At the point of polar attachment, the outer membrane of the spirochete was in close apposition with the epithelial cell membrane; however, a uniform gap approximately 8-12 nm in width and filled with electron-dense fibrillar material formed a bristlelike structure at the tip ofthe spirochete (Figs. 8, 9 ). Occasionally, two or three spirochetes shared a common indentation at the site of attachment to the epithelial cell surface (Fig. 10) . The tip of the spirochetes at their point of attachment also had a small electron-lucent protrusion of the periplasmic space (Fig. 11) . In some areas, variable numbers of rings suggestive of ciliary necklaces were observed on the outer surface of the spirochetes at their point of attachment with the epithelial cells (Fig. 12) . Massive spirochetal attachment usually ended abruptly at the intercellular junction with neighboring cells (Fig. 9) . The cytoplasm underneath the terminal web of epithelial cells colonized with the canine S. pilosicoli isolate 16242-94 also had variable numbers of membrane-bound vesicles with granular contents (Fig. 10) . Similar vesicles were less prominent in adjacent cells without spirochetal attachment and in cells colonized with the human S. pilosicoli isolate. The intracytoplasmic vesicles had trilaminar limiting membranes and occasionally contained electron-dense granular material. On rare occasions, spirochetes were seen free in the lamina propria of the ceca of chicks inoculated with the canine S. pilosicoli isolate 16242-94. Focal necrosis of the surface epithelium, with spirochetes in the cytoplasm of degenerative cells, was occasionally seen in the ceca of chicks inoculated with the canine S. pilosicoli isolate 16242-94.
Discussion
Light microscopic and ultrastructural examinations of the ceca of chicks inoculated with the human S. pilosicoli isolate SP 16 and canine S. pilosicoli isolates 16242-94 and K9-12 revealed spirochetal attachment to the cecal epithelium by a mechanism similar to that described for S. pilosicoli isolated from humans and swine with IS in Europe and A~s t r a l i a .~.~~ The mechanism of attachment of the canine S. pilosicoli to the epithelium of the chick cecum was similar to that of the human S. pilosicoli; however, caplike structures, epithelial cell vacuolization, and mucosal invasion were more prominent with the canine S. pilosicoli isolate 16242-94. Ultrastructural examination of the plasma membrane of the chick cecal epithelium colonized with S. pilosicoli suggested attachment involving receptorligand (adhesin) interactions. Variable numbers of rings analogous to intramembranous particles observed in freeze-fracture electron microscopic preparations of spirochetes at their point of attachment to epithelial cells of rhesus monkeys and humans with IS were seen in human and canine S. pilosicoli colonizing the cecal epithelium of challenged chicks.34 The intramembranous rings had features similar to those of ciliary necklaces present on the surface of cilia in eukaryotes and prokaryotes. 13 Abrupt cessation of spirochetal attachment at the junctions between cecal epithelial cells suggested that ligand-receptor interactions between S. pilosicoli and eukaryotic cells was specific and dependent upon cytokinetic expression of a receptor molecule. Previous reports also have noted focal attachment of IS-associated WBHIS on the mucosal surface of challenged chicks9 and naturally exposed dogs. 48 The presence of spirochetes in the subepithelial compartment of the cecum of chicks inoculated with the canine S. pilosicoli isolate 16242-94 but not with the human S. pilosicoli isolate SP16 suggests different virulence attributes of these isolates. The canine isolate K9-12 also appeared to be less adhesive than isolate 16242-94 (Table I) , indicating differences in virulence attributes even between canine isolates.
Failure of the canine S. innocens isolate to attach to the chick cecal epithelium may be attributable to either absence of an epithelial cell membrane receptor or a lack of an adhesin in this spirochete species. The lack t 94 and necropsied on day 7 PI. Accumulation of vesicles near the terminal web cytoplasm of an epithelial cell with spirochetal attachment. Uranyl acetate and lead citrate. Bar = 0.25 hm.
Vet Pathol 3 3 5 , 1996 of adhesin appears more likely; S. innocens has been shown to be nonpathogenic in conventional and germfree swine and in laboratory mice and conventional guinea pigs.18J9,23,32 This finding confirms previous genotypic analyses indicating the existence of a nonpathogenic canine intestinal spirochete similar to porcine S. innocens.8
Scanning electron microscopic examination indicated that the spirochetal attachment to the cecal mucosa began along the furrow at the periphery of the crypt units and proceeded along the ridge, forming coalescing areas of spirochetal adhesion. Similar observations have been made with S. pilosicoli infection of swine.16 Previous studies have shown that the furrow region of the crypt unit corresponds to the submucosal capillary plexus,42 and in naturally occurring canine and human IS, spirochetes are seen attached to exposed submucosal capillaries and extracellular m a t r i~.~J The spirochetes probably initially attach to the furrow area where epithelial cell receptors are expressed and proceed to form diffuse areas of attachment, leading to epithelial cell necrosis and subepithelial invasion.
Although both the human S. pilosicoli isolate SP 16 and the canine S. pilosicoli isolate 16242-94 caused disruption and effacement of microvilli, these changes were more pronounced with the canine isolate. The IS-associated canine S. pilosicoli caused the formation of caplike structures in areas of epithelial cell attachment, a lesion that was less prominent with the human isolate and different from the pedestals observed with attaching and effacing Escherichia coli (AEEC) and Helicobacter pylori.31,35,40 Cytoskeletal rearrangement, in the form of electron-dense fibrillar tangles in the terminal web area of epithelial cells immediately beneath the site of bacterial attachment as described with AEEC,31,40 was not seen in the apical cytoplasm of cells colonized with the human and canine S. pilosicoli. Preliminary in vitro actin rearrangement studies using the human S. pilosicoli isolate SP16 and intestinal 407 cells indicated that actin rearrangement does not occur with this spirochete (unpublished observations). Thus, effacement of microvilli and disruption of the terminal web microfilaments in epithelial cells colonized by S. pilosicoli probably occurs by a mechanism different from that associated with AEEC and H. pylori.
Because large numbers of membrane-bound vesicles were seen in the apical cytoplasm of cecal epithelial cells of chicks colonized by the canine S. pilosicoli isolate 16242-94 but not in control groups or in groups colonized by the human S. pilosicoli isolate SP16 or a human IS-associated WBHIS of Australian origin,45 this change may be associated with strain variations in virulence attributes. Vesicular structures with a similar morphology have been described in epithelial cells of rats exposed to sublethal intracellular injuries, such as ionizing radiation, endotoxic shock, hypoxia, and ~t a r v a t i o n . '~J~ These findings suggest that a bacterial toxin may be involved in the vacuolar change. However, the presence of smaller numbers of vesicular structures with a similar morphology in the apical cytoplasm of cecal epithelium of chicks in control groups suggests that spirochetal attachment may cause disruption of microfilaments, which in turn causes accumulation of secretory vesicles in the apical cytoplasm.
The absence of inflammation was striking, in spite of massive spirochetal colonization and local invasion of the lamina propria by spirochetes, and suggests a possible disruption of cell-to-cell communication, specifically production of epithelial cell chemotactic cytokines, including interleukin-6 and interleukin-8, which are released in response to infection of mucosal surfaces by Shigella spp., Salmonella spp., E. coli, and H. pylori. 2~1 0~1 5 , 3 8 , 3 9 Although an exact mechanism remains to be elucidated, S. pilosicoli attachment to epithelial cells may involve an integrin receptor, which could lead to decoupling of chemokine pathways or the secretion of inhibitor(s) of cytokine expression.
North American IS-associated human S. pilosicoli attach to the cecal epithelium of chicks by a mechanism similar to that of IS-associated canine S. pilosicoli and IS-associated human and porcine WBHIS of Australian and European origin. The mechanism involved in spirochetal attachment and effacement of intestinal cell microvilli with S. pilosicoli appears to be based on a receptor-ligand interaction that is different from that of previously described gastroenteric bacterial pathogens.
